A method of precisely controlling the position of a hydraulic actuator using an on/off valve is developed. Since valves exhibit little power loss when they are fully open or fully closed, the proposed system is more efficient than throttling valve control and can achieve flow variation without the expense or bulk of a variable displacement pump. Mating a pulse-width-modulated (PWMed) on/off valve with a fixed displacement pump and a smoothing accumulator creates a software enabled variable displacement pump. A drawback of using digital valve control for hydraulic systems is that the relatively low speed of the currently available switching valves results in a significant ripple in the pressure and flow rate. We propose a solution to this problem by using a throttling valve to shield the actuator from the ripple in the output. This creates an effective load sensing system with the throttling valve used only to provide a small known pressure drop between the supply and the load. This approach is significantly more efficient than the conventional technique of using throttling to vary the full flow. This paper presents an averaged model of the system and a nonlinear controller to achieve position control of an actuator.
Introduction
Hydraulic actuaction systems are ubiquitous throughout industry and have been used in a wide variety of applications. The high power to size ratio and ability to provide large forces and torques make them an attractive method of actuation in many industries. However, difficulties in control design and system inefficiency can often diminish the attractiveness of hydraulic actuation systems. Due to the characteristics of the hydraulic components used, hydraulic systems often exhibit significant nonlinear dynamics that complicate the design of high-precision controllers. There also tends to be a significant amount of uncertainty in the system parameters, such as fluid compressibility, valve pressure-flow characterisitcs, and leakage, that needs to be taken into account.
Many hydraulic systems currently in use are highly inefficent due to the use of valve control. If a hydraulic system is powered by a fixed displacement pump, the typical method of control is to use a throttling valve to limit the power sent to the application and throw away the rest of the energy as heat. In this case, the pump continuously provides the maximum pressure and flow rate that will be required by the load in any situation.
The use of a variable displacement pump can help alleviate the system inefficiency by producing only the flow rate that is required by the load at a given time. However, by itself, a variable displacement pump will still provide a pressure that is higher than the load will typically require. The efficiency of hydraulic systems can be further improved by applying the principle of load sensing. A typical load-sensing circuit uses hydraulic feedback to a variable displacement pump in order to control the supply pressure to be a small, fixed value above the pressure required by the load. This ensures that the pump will provide only the pressure and flow required by an application at a given time.
While this is much more attractive than valve control in the sense of efficiency, the use of variable displacement pumps can have disadvantages. Variable displacment pumps tend to be significantly larger and more expensive than fixed displacement pumps [1] . The method of controlling variable displacement pumps, which typically relies on a valve to control a piston, which controls the pump swash plate, requires the movement of a significant amount of mass, which results in low control bandwidth. The hydraulic feedback used to control a load-sensing pump can also contribute a fair amount of phase lag to the system [2] , which is detrimental to system performance.
In this paper, a fixed displacement pump with an on/off valve and an accumulator will be used to replace the variable displacement pump in a load-sensing system. The concept of using on/off based control to create a virtual variable dispalcement pump has been presented in [1] and [3] . It has been shown that on/off valves provide significant energy savings over traditional valve control due to the fact that on/off valves are highly efficient in both the open and closed state. The bandwidth of the virtual variable displacement pump is governed by the accumulator and can be designed through the choice of the accumulator volume and precharge pressure [1] .
While the use of a small accumulator can provide fast system dynamics, fluxuations in the accumulator pressure that result from the digital action of the on/off valve can become detrimental to system performance as the stiffness of the accumulator is increased [1] . The periodic charging and discharging of the accumulator by the on/off valve results in a pressure ripple with a magnitde that is dependent on the accumulator volume, precharge, and the on/off valve frequency [3] . One strategy to deal with this problem is to increase the frequency until the ripple is as small as desired, however, for many applications, this requires the design of on/off valves that are much faster than what is currently available. The strategy for dealing with the pressure ripple presented in this paper is to use a throttling valve to shield the load from the ripple in the accumulator. This design will allow a relatively slow (5Hz) on/off valve to be used. This paper will present a method of controlling an on/off valve and a throttling valve in a manner that creates a system that behaves like a load-sensing system, without requiring a variable displacement pump. A feedback linearization controller will be used to control the supply pressure in an accumulator to be slightly above the load pressure, with the load pressure being fed back electronically to eliminate the phase lag due to hydraulic feedback. Finally, a robust nonlinear controller will be developed to control the position of a hydraulic actuator using the backstepping design technique.
In the next section, a model of the system to be controlled will be presented. In section 3, controllers for the on/off valve and throttling valve will be designed, and in section 4, simulations of the system will demonstrate the ability of the system to act as a virtual load-sensing pump. Finally, in section 5, some concluding remarks and future research plans will be presented. 
System Modeling and Control Objective
A schematic of the system studied in this paper is shown in Fig. 1 . The basic operating principle of the system is as follows: the on/off valve, which is controlled by u a , meters the flow from the fixed displacement pump to provide a pressure in the accumulator that is slightly higher than the pressure required by the hydraulic cylinder. This results in the fixed displacement pump and on/off valve behaving as a load-sensing pump, and since an on/off valve is used, the pressure is controlled in a highly efficient manner. The position of the actuator is then controlled by the throttling valve, which is controlled by u c . Since the accumulator pressure is regulated to be only slightly above the required load pressure, the energy loss across the throttling valve is guaranteed to be small. A benefit of the throttling valve is that it seperates the actuator from the on/off valve system. The digital action of the on/off valve leads to a ripple in the pressure in the accumulator, and the throttling valve can shield the actuator from this ripple. In order for this to take place, the bandwidth of the throttling valve must be at least as fast as the on/off cycle frequency.
Notice that the on/off valve shown in Fig. 1 is a 4-way valve with a tandem center condition. When the system is used with only resistive loads, a simple 2-way on/off valve can be used, however, if over-running loads are possible the 4-way valve will allow the system to operate in a regenerative mode with the pump acting as a hydraulic motor. While the depicted circuit is designed to allow regeneration, the control implementation is beyond the scope of this paper and will be discussed in the future work section.
The hydraulic cylinder is modeled as a mass (the piston and load) that is acted upon by the pressure in the two chambers of the cylinder and has linear, viscous friction. The dynamics of the actuator are as follows:
where m is the mass of the piston and load, y is the position of the actuator, P 1 and P 2 are the pressures in the cap end and rod end of the actuator respectively, A 1 and A 2 are the corresponding pistion areas, and b is the coefficient of viscous friction in the cylinder. The dynamics of the cylinder pressure chambers, P 1 and P 2 are given by the following equations:
where β is the compressibility of the hydraulic oil, and h 1 and h 2 are the lengths of each chamber when y = 0. Q 1 and Q 2 are the flowrates into chamber 1 and out of chamber 2 respectively and are given by the following equations:
where k is the valve coefficient, which is modeled to be the same for the inlet and outlet flows, P s is the pressure in the accumulator, and u c ∈ [−1, 1] is the control signal to the throttling valve. The valve spool location is often represented as an additional state that is related to the command signal via a first or second order linear system [4] , however, in this paper, the valve spool is assumed to be be statically related to the control signal to simplify the controller design. It is also assumed that the throttling valve is matched symmetric. The final state modeled in this project is the pressure in the accumulator. It is assumed the the accumulator operates adiabatically and has negligible pressure drop across its neck. The state equation for the accumulator pressure is:
where γ is the specific heat ratio for the gas in the accumulator, P o is the precharge pressure of the accumulator, V o is the volume of the accumulator, u a (t) ∈ {0, 1} is the control input to the on/off valve, Q in is the input flowrate from the pump (assumed to be constant), and Q out is the flow sent to the load, which is given by the following: Figure 2 . PWM signal generated from a periodic sawtooth wave
The control input to the on/off valve is assumed to be statically related to the valve spool position. As was done in [1] , the on/off valve control signal is controlled using pulse width modulation (pwm):
where s(t) ∈ [0, 1] is the duty ratio of the on/off valve (see Fig.  2 ). Again following [1] , the states-space averaging approach is applied to the system to bring Eq. (4) into the following form:
where the input to the system is now the continuous duty ratio, s(t) rather than the digital signal, u a (t). This formulation will simplify the control design with the drawback that it will eliminate the pressure ripple from the model. To account for this, the controller for the cylinder position will be designed to account variations in the supply pressure. The system is controlled via input signals to the on/off and throttling valves, u a (t) and u c (t). The goal of the control strategy is twofold: control the pressure in the accumulator and the position of the actuator to specified values. To create a load sensing system, the pressure in the accumulator should be controlled to be P s = P load + ∆P, where ∆P is the desired pressure gap between the supply pressure and the load pressure, and P load is the pressure in the chamber connected to the accumulator. The actuator position should be controlled to be y = y d , where y d is the desired actuator position. In designing the control strategy for the system, which is described in the following section, it is assumed that the five states, y,ẏ, P 1 , P 2 , and P s are all available for measurement in addition to the exogenous tracking signals ∆P and y d . The actuation signal for the throttling valve, u c , saturates outside the range of [−1, 1], and the averaged on/off valve signal is limited to be within [0, 1].
Since the ultimate goal is simply to control the position of the actuator, there is a fair amount of freedom in the choice of ∆P. In a traditional load sensing pump, ∆P is a fixed value (∆P can usually be adjusted by changing the compression of a spring, but it does not change online). In this case, ∆P is designed based on the flow gain of the throttling valve, k, and the fastest desired speed of the actuator. For example, the desired pressure gap might be designed such that the actuator will recieve the full flow from the pump when the throttling valve is fully open. This is the simplest choice of ∆P and is the one that is used in the simulations presented in this paper. However, one advantage of using an electronic control system to replace the traditional hydraulic feedback is that the system can be more flexible. Another possibility for ∆P is to make the pressure gap a function of the desired speed. Under this design, when less flow is required, the pressure gap would drop accordingly, thus decreasing the energy loss across the throttling valve.
Controller Design
In the following section a feedback linearization is developed to control the averaged accumulator pressure to be P load + ∆P. In section 3.2, a backstepping controller is developed to control the actuator position.
Pressure Controller
Equation (7) describes the averaged dynamics of the pressure in the accumulator. In this section, a feedback linearization controller is designed to control the pressure. It is assumed that the state, P s , and the external signals, P load and Q out are measured.
The accumulator dynamics can be written in the following form:ẋ
Q in , and h(x,t) = P s − (P load + ∆P). In this formulation, P load and Q out are treated as known inputs to the system. It is clear that the relative degree of the system is 1, since
Since the system has only 1 state, there are no zero dynamics. By applying the principle of feedback linearization, the system can be written in the form:
where L f h = f (x) −Ṗ load . Note thatṖ load cannot be directly sensed and must be estimated from the P load signal. This may require filters to be designed to reduce the effect of measurement noise. The controller for the system can then be written as:
To regulate the output to the desired trajectory, v(t) is chosen to be:
where λ > 0 is the control gain for the system. This controller is designed so that the output, e = P s − (P load + ∆P) decays to zero exponentially:ė
Some care must be taken in the choice of the gain, λ since the control signal, s(t) ∈ [0, 1] and large gains can lead to saturation. While this is not necessarily undesirable in all cases, it does change the system behavior. λ can be time varying, and it is possible that a control strategy can be designed that adjusts λ to prevent saturation.
Position Controller
With a controller designed to control the supply pressure in the previous section, a control algorithm for the throttling valve is needed to control the position of the hydraulic actuator. A feedback linearization controller for a hydraulic cylinder was presented in [5] , who then used linear design techniques to create a robust position controller. In this paper, the backstepping design technique is used to design a nonlinear robust position controller. In this section, the design procedure and advantages of a backstepping controller for a hydraulic cylinder will be explained.
With the supply pressure controlled to it's desired state, the system to be controlled is Eqs. (1)(2) . Since the output to be controlled is the position, the four states of the system are x = [x 1 , x 2 , x 3 , x 4 ] T = [y,ẏ, P 1 , P 2 ] T , with the dynamics given by:
By differentiating this output it can be shown that the relative degree of the system is 3. Since the system has 4 states, the system has nontrivial zero dynamics. However, it has been shown by others [4] that the zero dynamics of a single-rod hydraulic actuator are stable and can be neglected. In order to deal with a relative degree of 3, a new statex 3 = x 3 A 1 − x 4 A 2 is defined. Using this new state, the cylinder dynamics become:
where d 1 and d 2 represent disturbances and model uncertainties.
It is assumed that d 1 < δ 1 and d 2 < δ 2 with δ 1 and δ 2 being known bounds on the disturbance. It is clear that d 1 is an unmatched disturbance since it does not enter the system in the same place as u c , however, this will be addressed by using backstepping. The disturbance to the piston acceleration, d 1 , may include unmodeled friction effects, applied loads, or uncertainties in the friction coefficient, load mass or piston areas, while d 2 may be a result of cylinder leakage or uncertainty in the cylinder dimensions, fluid compressibility, or supply pressure. In order to track a desired position trajectory, define a new output, h(x) = z 1 = x 1 − x 1d , where x 1d is the desired actuator position, and an additional state representing the integral of the position error: z i = z 1 dt. With this addition, the system to be controlled becomes:
The backstepping design technique requires the system to be in strict-feedback form, which is clearly satisfied by Eq. (15). The backstepping design process is recursive, with a virtual control designed at each step.
3.2.1
Step 1 Since the first two states (z i and z 1 ) are linear and have no disturbances, the first stage control function will be determined to provide stable dynamics for both the position error and the integral of the error. The first stage system to be controlled is:
By using the following virtual control function for the first stage:
with λ 1 and λ 2 being the desired pole locations of the two-state system, the first stage can be brough into the following form:
where the error between the desired virtual control and the actual value of x 2 is defined as the new variable, z 2 . By using the Lyapunov equation, A T P+ PA = −I, a Lyapunov function for the first stage can be defined:
Clearly, the first two terms of Eq. (19) are negative definite, but the third term, which is due to the error between x 2 and the desired virtual control, is not and must be eliminated by the second stage of the backstepping controller.
Step 2
The second stage Lyapunov function is defined to be:
with the dynamics ofż 2 being the following:
By using the following virtual control function:
with the design parameter λ 3 , the second stage Lyapunov function reduces to:
The second stage virtual control function, α 2 , eliminates the problematic term from Eq. (19) and provides a stabilizing term for z 2 . However, the error between the desired virtual control and the actual value ofx 3 contributes a new term that must be eliminated by the third stage of the backstepping controller. The acceleration disturbance, d 1 also enters into the second stage Lyapunov function and will be dealt with through the choice of the controller design parameters as is described in the next section.
3.2.3
Step 3 The final step of the recursive backstepping design process is to design a control law for u c that will make the third stage Lyapunov function, V 3 , have a negative definite derivative.
with the following equation forż 3 :
By simplifying this equation, substituting from Eq. (15), and adding terms to stabilize the system, the control law for the system can be derived to be the following:
Using this control law, V 3 becomeṡ
It is clear from Eq. (27) that if d 1 = d 2 = 0, the tracking error will decay to 0 exponentially. Since the effect of non-zero d 1 and d 2 affectV 3 linearly with z 2 and z 3 , it is clear that the quadratic terms −λ 3 z 2 2 and −λ 4 z 2 3 will dominate if z 2 and z 3 are large enough. Thus, by choosing the control gains λ 2 and λ 3 , z 2 and z 3 can be made to decay to an arbitrarily small ball around 0 for a given δ 1 and δ 2 . The performance that can be acheived for a real system will be limited by the saturation of the control valve.
Simulation Results
The system described in Sec. 2 was simulated using Simulink with parameter values sized according to an experimental set-up that is currently being designed. In the sim-
, and the frequency of the on/off valve was 5Hz.
Averaged Model Performance
Using the averaged model for the accumulator (Eq. (7)) the system was simluated to track a desired trajectory of x 1d = sin(2t) with the results shown in Figs. 3 and 4 . This trajectory was chosen to avoid negative pressures in the cylinder chambers caused by the inertial load on the cylinder. The system can track a faster reference if a resistance is added to the system or the mass is decreased (see section 4.3). The control gains used to generate this simulation were λ = 3, λ 1 = λ 2 = λ 3 = 15. Notice that under these conditions, the throttling valve was never saturated, but the on/off valve was. The saturation of the on/off valve caused there to be some error in the desired supply pressure, for example, at t ≈ 4s the duty ratio, s(t) was saturated at 1, and at t ≈ 6s, it was saturated at 0. During these times, the supply pressure was not ∆P above the load pressure, however, there was no noticable effect on the output trajectory. In typical applications, the load pressure can change very rapdily (i.e. when a load is suddenly applied, or when a single-ended cylinder switches directions). The system pressure dynamics are governed by the "stiffness" of the accumulator, so unless the accumulator is extremely small or has a very low precharge pressure, this will cause the duty ratio of the on/off valve to saturate as it tries to keep up. Fortunately, this simulation shows that saturation in the on/off valve does not degrade the output trajectory (as long as the throttling valve is not simultaneously saturated). The control signal for the thottling valve was small in magnitude, indicating that the valve was mostly closed. By using a different control strategy that calls for a smaller ∆P, additional energy savings could be realized. The saturation of the on/off valve at 0 means that the pressure in the accumulator cannot be decreased, which may lead to a higher than desired pressure gap and additional energy loss. The only 
Disturbed Model Performance
Next, the system is simulated with a disturbance applied to the hydraulic actuator. The position tracking results for a system with λ = 3, λ 1 = λ 2 = λ 3 = 15 and λ = 3, λ 1 = λ 2 = λ 3 = 45 are shown in Figs. 5 and 6. The value of the disturbances were d 1 = −30 and d 2 = 100. While the integral position control allowed the system to track a signal in the presence of a disturbance, the transient performance wat not ideal. However, increased control gains allowed the system to track the desired trajectroy with a much better transient response. It is clear from these figures that, with high enough gains, the backstepping controller is robust to both matched and unmatched disturbances. 
On/Off Performance
In this section it is shown that treating the on/off valve as a digital valve instead of the simplified averaged model does not inhibit the ability of the system to track a desired trajectory. However, the method of PWM generation described in section 2 can result in high pressures in the cylinder and accumulator. Figures 7 and 8 show the pressure and position tracking results using the non-averaged model for the accumulator (Eq. (4)). The ripple due to the on/off valve is evident in both the load pressure and the accumulator pressure, but it does not appear in the position of the piston. Since the backstepping controller has knowledge of the supply pressure at any given time, it is able to adjust the control valve accordingly to ensure that the position of the piston is controlled smoothly. Notice that there is some ripple evident in the control signal, u c , which is cancelling out the effect of the ripple in the accumulator.
While the system is able to track a desired trajectory for the position, the pressure in the accumulator reaches values of about 12, 000psi, which is not realistic for the vast majority of hydraulic systems. Pressures of that magnitude are clearly not required to move a 15lb mass around at fairly low speeds, which indiactes that the control strategy must be causing the pressure to spike. The rise in pressure is caused by the pressure gap, ∆P, being significantly larger than desired, which forces the throttling valve to be almost entirely closed, resulting in the high pressures. While the exact mechanism is not entirely understood, the dis- crepancy between the actual and desired values of ∆P can be attributed to the way in which the PWM signal is generated. As described in section 2, the duty ratio is compared to a periodic sawtooth wave to generate the PWM wave. However, if the duty ratio is also a periodic signal due to a ripple on the pressure that is being fed back, then the comparison between two periodic signals can cause delays and other unexpected results. To eliminate this effect, a zero-order hold was added to the PWM generator, so that the duty ratio is only allowed to change every PWM period (0.2s). The results of this addition on the accumulator pressure are shown in Fig. 9 . The tracking response is essentially the same as in Fig. 8 . Figure 9 shows that the addition of the zero-order hold to the PWM generator results in a much lower accumulator pressure. While there can still be a time delay assiciated with the PWM nature of the signal, simulations show that the resulting pressure spike is lower than when the zero-order hold is not present. There are other phenomena that occur as a result of using an on/off valve rather than a continuous input; for example, the pressures in the on/off system are lower than in the averaged case. Work has been done to explain the the inablility of the states-space averageing model to predict the behavior of a switched electronic system. This has been investigated by Lehman and Bass [6] , who have suggested a switching frequency dependent model for averaging electronic PWM systems. This effect as it applies to hydraulic systems needs to be investigated further.
By decreasing the load mass, and increasing the control gains, the system can be made to track a much faster reference signal. For example, Fig. 10 and 11 show the cylinder tracking a reference signal of 0.25sin(5πt). In this simulation the control gains were λ = 3, λ 1 = λ 2 = λ 3 = 60, and the load mass was decreased to 2lbs to avoid large over-running inertial loads. Theoretically, a system that employs regeneration will be able to track a fast reference without decreasing the mass.
One final note, for implementation of the feedback lineariza- tion controller for the accumulator, the measurement of Q out may be difficult to achieve. Estimating Q out byQ out = Asgn(u c )ẋ where A = A 1 if u c > 0 and A = A 2 otherwise will result in a signal that is easier to meausure (onlyẋ and u c are needed). The estimate,Q out , disregards the flow needed to compress the oil in the cylinder and any leakage that may exist in the cylinder. Since, in most cases, the working fluid is nearly incompressible and leakage is low,Q out can be expected to be a reasonable approximation. Simulations confirm that approximating Q out bŷ Q out does not noticably affect the system performance.
Future Work and Conclusions
In this project, an on/off valve mated with a fixed displacement pump and an accumulator were shown to create a system with the behavior of a load sensing system without the need for a variable displacement pump. A feedback linearization controller was used to control the pressure in the accumulator to be slightly higher than the required load pressure, and a backstepping controller was used to control the postion of a single-rod hydraulic piston. The controller was shown to be robust to disturbances that are often present in hydraulic actuation systems, and the actuator exhibited good tracking performance even in the presence of a ripple on the supply pressure. It was shown that the accumulator size and precharge pressure are key parameters in designing the system, which agrees with results in [1] .
An experimental apparatus is currently under construction, and future work will be done to experimentally verify the results presented in this paper. The method of controlling the system is will also be expanded to take adantage of over-running loads applied to the system. By holding the accumulator pressure to be slightly below the pressure supplied by the load, the pump can be made to behave as a variable displacement motor and take advantage of energy that is supplied by the load. Other areas of interest with the system studied in this paper include active estimation and cancellation of the pressure ripple and new control methods that will allow the system to vary the desired pressure gap to provide for the most efficient operation for a given desired trajectory. The system model can also be made more detailed to examine the effect of valve dynamics and large load forces on the system.
